Objectives: Antegrade selective cerebral perfusion (ASCP) represents the best method of cerebral protection during surgery of the thoracic aorta. However, brain integrity and metabolism after antegrade cerebral perfusion have not yet been investigated. We assessed cerebral positron emission tomography (PET), diffusion-weighted imaging, proton magnetic resonance spectroscopy and cognitive functions in patients undergoing either ASCP or coronary artery bypass grafting (CABG) to elucidate whether cerebral perfusion was associated with postoperative neuronal alterations, metabolic deficit or cognitive decline. Methods: Seventeen patients undergoing aortic arch surgery using ASCP with moderate hypothermia (26 8C) (ASCP group) and 15 patients undergoing elective on-pump CABG (CABG group) were prospectively enrolled in the study. Brain PET, diffusion-weighted imaging, proton magnetic resonance spectroscopy and neuropsychometric testing were performed preoperatively, and at 1 week and 6 months postoperatively (T1, T2 and T3, respectively). Patient data were compared for statistic analysis with a normal database made up of healthy subjects. Results: One patient in each group was excluded because they refused postoperative evaluation. There were neither strokes nor hospital deaths. Two patients suffered from temporary neurological dysfunction (one in each group). Proton magnetic resonance spectroscopy did not reveal significant alterations in cortical N-acetyl-aspartate (NAA) content within and between the groups at T2 and T3. In the ASCP group, brain diffusion-weighted magnetic resonance showed a significant increase of the apparent diffusion coefficient values, reflecting vasogenic cerebral oedema, at T2, that disappeared at T3. Magnetic resonance detected new focal brain lesions in two CABG group patients. In seven ASCP group patients, PET scan showed glucose hypometabolism in the occipital lobes at T2, which disappeared in five patients at successive examination (T3). Significant cognitive decline was not observed in any patient. Test score changes between and within groups were not significant. Conclusions: There was no evidence of ischaemic brain injury after ASCP even if some degree of reversible brain oedema secondary to cardiopulmonary bypass (CPB) was present. The cognitive outcomes in patients undergoing ASCP were comparable to patients undergoing coronary artery bypass. The lack of left subclavian artery perfusion during cerebral perfusion leads to temporary glucose hypometabolism in the occipital lobes without neuronal injury. #
Introduction
Antegrade selective cerebral perfusion (ASCP), as demonstrated by various authors [1] [2] [3] , represents the best method of brain protection during aortic arch surgery, and different strategies are currently in use depending on each individual surgeon's experience. However, brain integrity and metabolism after ASCP have not yet been investigated in clinical practice.
The introduction of positron emission tomography (PET) as a powerful imaging modality has played a major role in understanding the pathophysiological bases for cerebrovascular disorders [4, 5] . PET is the only technique which allows measurement of regional cerebral blood flow, blood volume, oxygen extraction fraction and oxygen and glucose metabolism with detail and accuracy. Using PET, these physiological parameters can be measured to determine the extent of the disease starting from the early stages of cerebrovascular disorders up to acute cerebral infarction. Significant haemodynamic and metabolic abnormalities are noted in chronic ischaemia, even when no structural changes are noted on anatomic images. Sites of cerebral ischaemia can easily be detected by brain 18-fluoro-deoxy-D-glucose-positron emission tomography (FDG-PET) as hypometabolic areas.
Among advanced magnetic resonance (MR) techniques, diffusion-weighted imaging (DWI) and proton MR spectroscopy ( 1 H-MRS) have been extensively used to assess brain microstructure and metabolism [6, 7] . DWI allows the identification of ischaemic injury even in the hyperacute stage in the absence of or before structural changes become evident on conventional brain MRI [7] . In localised brain areas of interest, 1 H-MRS allows the quantification of several metabolites, such as NAA, a marker of neuronal integrity and density, which is typically decreased when brain ischaemic injury occurs [6] .
This study evaluates the metabolism and the morphology of the brain with the aid of PET and MR, and cognitive functions after ASCP at moderate systemic hypothermia.
Materials and methods
The study was approved by the local research ethics committee and all patients gave informed consent. Seventeen patients (ASCP group) undergoing elective aortic arch surgery via a median sternotomy requiring ASCP and hypothermic circulatory arrest were prospectively enrolled. At the same time, 15 coronary bypass patients (CABG group) were considered as controls. Recruitment took place between June 2003 and June 2008.
Brain PET, DWI and 1 H-MRS and neuropsychometric testing were performed preoperatively, and at 1 week and 6 months postoperatively (T1, T2 and T3, respectively) in both groups of patients.
Operative technique

ASCP group
Our method of ASCP and the technique of aortic replacement have previously been described [8, 9] and can be summarised as follows. Cardiopulmonary bypass (CPB) was instituted after systemic heparinisation. The sites of arterial and venous cannulation were the femoral artery and the right atrium (9 patients), the right axillary artery and the right atrium (4 patients), the ascending aorta and the right atrium (2 patients) and the axillary artery and the right femoral vein (1 patient), respectively. Myocardial protection was achieved with cold crystalloid cardioplegia. Cerebral monitoring was achieved by means of right radial artery pressure line and jugular bulb venous oxygen saturation. Transcranial Doppler scan and/or near-infrared spectroscopy were not used.
Circulatory arrest was carried out in all patients at a nasopharyngeal temperature of 26 8C. Arterial blood pH was managed according to the alpha-stat method.
After the arrest, the aorta was opened with the patient in the Trendelenburg position; special catheters for ASCP connected to the oxygenator with a separate single roller pump head, were then inserted into the brachiocephalic trunk and left common carotid arteries with the left subclavian artery clamped to avoid the steal phenomenon.
ASCP management was carried out according to Dr Kazui's procedure [10] . Cerebral perfusion was initiated at a flow rate of 10 ml kg À1 min À1 and adjusted to maintain the right radial arterial pressure between 40 and 70 mmHg.
In the case of right axillary artery cannulation, only the left common carotid artery was cannulated, and cerebral perfusion was obtained using a systemic pump at a flow rate of 8-10 ml kg À1 min À1 and a roller pump at the same flow rate (5 ml kg À1 min À1 ). The innominate artery and the left subclavian artery were occluded at the time of ASCP.
Open distal aortic anastomosis was performed with the systemic blood flow maintained at 0.5-1 l min À1 if the femoral artery was cannulated.
In the case of hemiarch replacement, an open distal anastomosis was first performed; ASCP was then stopped, the cannulae for cerebral perfusion removed from supra-aortic vessels and the systemic circulation restored and patient rewarming initiated.
In the case of total arch replacement, we performed the open distal anastomosis and then the left subclavian artery was reimplanted. Subsequently, a proximal anastomosis was carried out and the coronary blood flow restored. Once the proximal anastomosis was accomplished, patient re-warming was initiated. The left carotid and the brachiocephalic trunk were then reimplanted.
CABG group
In all patients, the revascularisation procedure was performed with the use of a CPB. The sites of arterial and venous cannulation were the ascending aorta and the right atrium. CPB was carried out with non-pulsatile perfusion flow (2.2-2.4 l min À1 m
À2
) and mild hypothermia (32 8C), using membrane oxygenators with arterial line filtration. Antegrade tepid blood cardioplegia was administered. The left internal mammary artery and the left anterior descending coronary arteries were used in all patients. Proximal anastomosis was carried out after side clamping of the ascending aorta.
Positron emission tomography (PET)
PET acquisitions were performed on an ADVANCE scanner (GE Healthcare, Waukesha,WI, USA) 30 min after an IV injection of approximately 370 MBq of 18 F-FDG. The images were reconstructed using a 2D OSEM iterative algorithm (two iterations, 28 subsets). PET acquisitions were performed preoperatively, and at 1 week and 6 months postoperatively (T1, T2 and T3, respectively).
Magnetic resonance
Brain MRI was performed using a 1.5T GE Medical System whole body scanner.
DWI
As previously reported [13] , DWI images were obtained from axial slices (5 mm thickness and 1-mm interslice gap), using an SE single-shot echo planar imaging (EPI) technique with a pair of Stejskal-Tanner diffusion weighting gradient pulses. The diffusion weighting gradients were applied to each of the three physical axes, x, y and z in separate scans. For each EP image volume, maps of an apparent diffusion coefficient (ADC) and T2-weighted intensity were calculated using the software tool DTIFIT (FMRIB, http://www.fmrib.ox.ac.uk). The ADC in each direction was determined pixelwise using a least-squares fit [14] . Regions of interest (ROI) including left and right cerebral hemispheres, cerebellum and cerebral lobes (occipital, parietal, temporal and frontal) were automatically defined by registering T2-weighted images against a standard brain image (Montreal Neurological Institute MNI152-T1) for which an atlas of brain regions exists. For each ROI, the median ADC value was calculated.
2.3.2.
1 H-MRS Single voxel spectroscopy was performed using the point resolved spectroscopy sequence (PRESS), prescribing a volume of interest (VOI) in the medial parieto-occipital grey matter, as previously described [15] . NAA and creatine (Cr) resonances were analysed using the LCModel software package [16] . NAA content was expressed relative to Cr.
Neuropsychological assessment
Each patient was evaluated with a comprehensive neuropsychological assessment by the same neuropsychologist (C.F. [17] [18] [19] .
To control the practice effect and the patient's learning with the tests, at T2, we administered a shorter neuropsychological battery, which included the most appropriate tasks to check for any bias and, at the same time, allowed us to test different cognitive domains. Thus, we excluded those tests which are most sensitive to learning effects, that is, the Token Test, Elithorn Mazes, Rey's 15 words, Paired Associate Learning and Story Recall.
The raw scores attained by patients in each test were adjusted to obtain age-and education-corrected scores and were then transformed into equivalent scores (ESs) to compare the performance of several subjects in general and of a single subject in particular in the different tests. ES are reported on a numeric scale, which ranges from 0 to 4: zero is a pathological score, 1 is borderline while 2-4 are normal scores. A difference of two between scores across different times was the critical cut-off for the validity of the statistical test [17] .
Statistical analysis
Data are presented as mean AE standard deviation for continuous data or as a number (%) for categoric variables.
Continuous variables were compared using the t test and categoric variables were compared using the x 2 test. The level of significance was considered to be for p 0.05. Statistical analyses were carried out using SPSS for Macintosh (version 16.0; SPSS, Inc., Chicago, IL, USA).
PET
Image analysis was carried out using dedicated software SPM2 (Statistic Parametric Mapping) from the Wellcome Department of Imaging Neuroscience, Institute of Neurology, London [11] , which is widely used to evaluate and analyse PET brain images for glucose metabolism assessment [12] . SPM2 compares each single dataset with a normal database voxel by voxel, or by group of voxels, to find areas of abnormal FDG metabolism. In particular, we were interested in searching for hypometabolic areas which could be correlated to ischaemic sites. For statistical analysis and comparison of each dataset to the normal database, we chose a two-sample t-test with a significance value of p < 0.005 and a minimum extension evaluation volume of 125 voxels (k > 125); the software was programmed to look for hypometabolic areas. SPM processing was repeated for each patient in both the ASCP group and the CABG group for each time point. SPM results are clusters of voxels graphically superimposed on a standard anatomical image for better spatial localisation.
MRI
Statistical analysis was carried out using SPSS for Windows (version 14.0; SPSS, Inc., Chicago, IL, USA). Parametric tests were used as ADC values and MRS ratios appeared to be normally distributed under the Kolmogorov-Smirnov test. To determine whether there were significant differences between the median ADC values in each ROI and NAA/Cr ratio in the parieto-occipital voxel of healthy volunteers and the ASCP and CABG patient groups considered at time point T1, an analysis of variance (ANOVA) test was used, followed by a post-hoc t-test where applicable, applying a Bonferroni correction for multiple comparisons.
A repeated-measure ANOVA test was used to assess whether ADC values for each hemisphere and cerebral region and NAA/Cr in the parieto-occipital voxel were significantly different at T2 and T3 compared to T1 for both the ASCP and the CABG patient groups, followed by a post-hoc t-test where applicable. A test of sphericity assured homogeneity of variance among the time points. Statistical significance was considered to be p < 0.05.
Neuropsychological assessment
Data were analysed between and within groups. Significance level was considered for p 0.05. Statistical analyses were carried out using SPSS 15.0 for Windows (SPSS, Inc., Chicago, IL, USA).
To evaluate whether there were changes in the tests' scores over time, we ran Friedman's test or Wilcoxon test, as appropriate, for each group of patients. To evaluate possible differences in the performance of the cognitive tests between the two groups, their scores were compared using the Mann-Whitney test.
Results
The ASCP group and the CABG group included 16 and 14 patients, respectively, because one patient in each group refused postoperative evaluation and was excluded from the study. Patient demographics of both groups are detailed in Table 1 .
The aortic pathology and the operative procedures of the ASCP group are shown in Table 2 . CPB details and ASCP time are reported in Table 1 .
In the CABG group, the mean number of distal anastomoses was 2.6 AE 1.1. Three patients underwent a Bentall operation as an associated procedure. There was no operative mortality or major neurologic complication in either group.
One patient in the ASCP group and one patient in the CABG group suffered from temporary neurologic deficit. Other postoperative complications included rethoracothomy for bleeding and prolonged mechanical ventilation (72 h) in one ASCP group patient. Table 3 summarises PET results indicating the location of cerebral hypometabolism. In the ASCP group, 10 patients had a negative preoperative finding at PET examination while six patients were positive for hypometabolism.
PET results
At T2, 5 of the 10 negative preoperative patients had developed hypometabolic areas mainly located in the occipital lobes and, at T3, they had disappeared in four of them (Fig. 1) .
Two patients, who were positive in different brain areas at T1, developed hypometabolic areas in the occipital lobes while three presented the same hypometabolic areas. Altogether, seven ASCP group patients presented new glucose hypometabolic areas in the occipital lobes at T2, which disappeared in five of them at successive examination (T3).
In one patient, a reduction of diffuse hypometabolism was observed at T2 and T3.
The presence of the occipital hypometabolism was correlated with an ASCP time of longer than 80 min (67% vs 14%; p = 0.036).
The majority of the CABG group patients presented various degrees of cerebral metabolic alterations and only five had a completely negative result at T1. A worsening of the metabolic state occurred in three patients at T2 and T3. PET results of the CABG group are summarised in Table 3 .
MR results
On preoperative conventional MR scans, 6/16 patients of the ASCP group and 7/14 patients of the CABG group showed signs of chronic vascular brain damage. On postoperative (T2) scans, no new ischaemic DWI lesions were detected in the ASCP group patients. Two of the CABG group patients showed new ischaemic lesions, which were located in the semiovale centra.
Preoperative (T1) ADC values of the ASCP group patients were significantly higher in the temporal lobes than in healthy controls (Table 4 ). T1 ADC values of the CABG group patients were significantly higher in the temporal and occipital lobes than in, hence also in both cerebral hemispheres. At T1, no significant differences were present in ADC values between ASCP and CABG group patients in any of the structures evaluated (Table 4) . For ASCP group patients (Table 5) , repeated-measure ANOVA showed that ADC values in all the ROIs considered were significantly higher at T2 than in T1 ( p < 0.01 in all regions). When comparing T3 to T1, only temporal lobe ADC remained slightly elevated.
For CABG group patients (Table 6 ), a rather different pattern was observed. Comparing T2 to T1, only cerebellar ADC was increased, and reversed at T3. There were no significant differences in cerebral cortex NAA/Cr between patient groups and healthy controls and among the three time points either in the ASCP or CABG group patients.
Neuropsychological assessment results
The results of the neuropsychological tests and questionnaires carried out before surgery and the changes in scores during the postoperative follow-up of both groups are shown in Table 7 .
The results showed that there was no significant difference between the ES of each group and no significant change was seen over time even if a slight reduction of the ES was seen in both groups at T2, above all regarding the tests evaluating attention.
Discussion
ASCP, together with the increasing expertise in aortic arch surgery, offers the opportunity of carrying out a more complete repair without strict time constraints, even in complex aortic pathologies. However, differences in methodology and clinical application for ASCP make it difficult to sort out its true utility for improving outcomes. Factors likely to impact outcomes include ASCP flow rates, the duration of DHCA, the degree of systemic cooling, blood gas strategy (alpha vs pH stat), haemodilution, oxygen management and cerebral monitoring.
This study assesses the efficacy of ASCP in preserving brain tissue metabolism and functions during aortic arch surgery using a multimodal protocol. Our hypothesis was that ASCP would provide the same brain perfusion as a standard CPB, maintaining an adequate cerebral blood supply at moderate hypothermia.
In addition, we sought to demonstrate that, if changes in cognitive functions occur, they are not dependent on ASCP but on the CPB itself.
Supporting our hypothesis, no differences were found at PET and MR 6 months after surgery as well as in cognitive functions between patients who underwent arch repair using ASCP and patients who underwent on-pump CABG.
We did not find any irreversible cerebral alterations in patients who underwent aortic arch surgery using ASCP at moderate hypothermia.
The perfusion of the innominate artery and the left common carotid artery at a flow rate of 10 ml kg À1 min À1 at 26 8C of nasopharyngeal temperature, guaranteed an adequate blood supply to the overall brain during systemic circulatory arrest. However, a variable degree of hypoperfusion of the vertebro-basilar system was demonstrated, most likely related to the lack of left subclavian artery perfusion.
In patients undergoing ASCP, PET showed hypometabolism in the occipital areas, which was related to the duration of the ASCP itself. In fact, the incidence of occipital hypometabolism was significantly higher in patients with an ASCP time of longer than 80 min (67% vs 14%; p = 0.036). This finding was transitory with metabolic normalisation in the majority of patients at 6 months. Only two patients had a persistent altered metabolism in the occipital lobes: in one, the left subclavian artery was not reimplanted and she developed left subclavian artery steal phenomenon. She successfully underwent a carotid-subclavian bypass. The second patient, who suffered from postoperative temporary neurologic deficit consisting of agitation and seizure, also developed bilateral fronto-parietal hypometabolism. However, these signs of hypoperfusion in ASCP patients were not associated with signs of brain ischaemia on DWI, as demonstrated by the absence of increased signal intensity as a result of reduced ADC, the hallmark of acute ischaemic brain injury. We detected elevated ADC values at T1 in ASCP (temporal lobes) and CABG (temporal and occipital lobes) patient groups. One week after surgery (T2), an increase of ADC values was detected in all brain regions studied in the ASCP group, but only in the cerebellum in the CABG group. After 6 months (T3), the changes of ADC values reversed in all regions in both groups of patients, except for the temporal lobes in ASCP group patients.
Increased ADC values likely reflect vasogenic oedema, due to increased water-free diffusion, which may be related to increased extracellular space and/or increased permeability of the blood-brain barrier [13] . The mechanism of swelling is still not completely understood and a single aetiology can rarely be identified. However, various alterations related to CPB such as inflammatory response and plasmatic alterations such as the decrease of osmotic pressure can intervene in the pathogenesis [20, 21] . The more extensive and intense brain swelling in the ASCP group may be related to longer times of CPB, such as lower systemic hypothermia and may disguise the metabolic alterations of the neuronal cells, which have been shown by PET.
These cerebral alterations, as previously reported [20, 21] , are reversible with a complete resolution of the a Post-hoc pairwise comparisons were adjusted by the Bonferroni correction for multiple groups. Table 5 Comparison at T1 (reported in Although cognitive function impairment after open heart surgery is a well-documented phenomenon, reported severity and type of cognitive dysfunction vary considerably between various studies, depending on the methodology, study population characteristics, the criteria selected for cognitive impairment and the time points of postoperative assessment. Cerebral alterations are largely attributed to the use of CPB even if, as previously mentioned, the cause of cerebral injury after CPB is probably multifactorial. A significant reduction in both the micro-embolism rate and neuropsychological decline has been demonstrated by the use of filters in the CPB circuit [22] . In fact, with the advances in extracorporeal circulation technology and manufacturing, recent studies have failed to detect significant cognitive function decline following open heart surgery [23, 24] .
Our study confirms these results; cognitive functions did not decline in either group immediately after surgery or over time.
An important limitation of our study is that none of the patients underwent preoperative evaluation of intracranial vascularisation and it is not known if abnormalities of the circle of Willis were present. However, the results clearly demonstrated transient functional alterations of the occipital cortex, which are more evident on the left side where the omolateral subclavian artery was not perfused. Some concerns about potentially insufficient circulation to some areas of the brain, above all in the case of unilateral cerebral perfusion, may arise. In fact, anomalies and hypoplasia of the circle of Willis are common and not only the absence of collateral vessels but also the vessel calibres may be responsible for an insufficient blood supply to some cerebral areas, which are more sensitive to ischaemia [25] .
In conclusion, bilateral ASCP maintains an adequate cerebral blood supply at moderate hypothermia without evidence of ischaemic brain injury. Even if some degree of reversible brain oedema secondary to CPB is present, cognitive functions of patients undergoing ASCP are not impaired after surgery and are comparable to those of patients undergoing CABG. Furthermore, the lack of left subclavian artery perfusion during ASCP leads to temporary metabolic alteration in the occipital lobes.
